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Abstract
We present a particle manipulation device composed of a pair of slanted interdigitated transducers (SIDTs) and a polydimethyl-
siloxane (PDMS) microﬂuidic channel. Tunable travelling surface acoustic waves (TSAWs) produced by the SIDTs at desired
locations are used to separate polystyrene (PS) microspheres of diﬀerent diameters. The acoustic radiation force (ARF) acting on
PS microspheres is estimated to predict the variable deﬂection of two distinct diameter microspheres that results in bi-separation of
particles (3.2 and 4.8 μm). Interaction of TSAWs with the ﬂuid and propagation of leaky acoustic waves at Rayleigh angle produce
an anechoic corner inside the microchannel. An adequate choice of TSAW-frequency with reference to the particles’ diameters,
corresponding ARF-estimation and incorporation of the microchannel anechoic corner results in a tri-separation of PS microspheres
(3, 4.2, 5 μm). The tri-separation is achieved by TSAWs − 135 MHz to deﬂect 5 μm particles upstream of microchannel and 175
MHz to deﬂect 4.2 μm particles downstream.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientiﬁc Committee of 2015 ICU Metz.
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1. Introduction
Dextrous manipulation of micro-objects (microspheres, cells, droplets) in a microﬂuidic system has critical im-
portance to study single cell biology, diagnostics, analytical chemistry, etc. It has been extensively carried out using
eﬃcient passive as well as active microﬂuidic techniques (Wyatt Shields IV et al., 2015). Among the active micro-
object manipulation techniques, surface acoustic waves (SAWs) have shown remarkable potential for bio-compatible,
label-free, contact-less and rapid handling of micro-objects (Yeo and Friend, 2014). Standing surface acoustic waves
(SSAWs) have been extensively explored in this regard, whereas travelling surface acoustic waves (TSAWs) have
recently came into spotlight for being equally capable for particle manipulation with added advantages of ﬂexibility
in microchannel design, less-strict microchannel alignment, etc (Destgeer et al., 2013). The SSAWs operate based on
the formation of pressure nodes (regions of low acoustic pressure) in the liquid as the particles migrate towards the
nodes (Ding et al., 2013). The shape of the particles does not play a signiﬁcant role, however the density and sound
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Fig. 1. (a) A schematic representation of the side view of the acoustoﬂuidic device showing only one IDT and the PDMS microchannel. The
TSAW produced by the IDT is coupled with the ﬂuid inside the microchannel and radiated in the form of a leaky acoustic wave at an angle with
the PDMS side wall creating an anechoic corner. The simulation conﬁrms a region of minimum acoustic ﬁeld presence in the top-left corner of the
microchannel. The leaky acoustic wave propagates in the rightward direction. (b) The ARF is plotted against particle diameter for two diﬀerent
frequencies (135 and 175 MHz), which shows certain peaks at particular diameters.
speed diﬀerences (particles-liquid and particle-particle) are critical to the SSAWs based particles manipulation. The
TSAWs operate based on the principle of acoustic waves’ scattering oﬀ the surface of the microspheres (Destgeer
et al., 2014; Skowronek et al., 2015). An acoustic wave (with wavelength λ f in ﬂuid) scatters symmetrically from
a microsphere (with diameter dp) such that πdp < λ f . The microsphere is not signiﬁcantly aﬀected by the acoustic
wave. The acoustic scattering becomes asymmetrical for πdp > λ f as the acoustic radiation force (ARF) being exerted
on the microsphere becomes signiﬁcant. The theoretical estimation of the ARF on a microsphere by a propagating
acoustic wave was performed for the condition πdp > λ f and experimentally validated for diﬀerent elastic material
particles such as steel and fused silica (Hasegawa and Yosioka, 1969). The present study incorporates the theoretical
modal of Hasegawa and Yosioka (1969) and estimates the ARF acting on the polystyrene (PS) microspheres. We have
found an unintuitive response of PS microspherical particles to the high frequency acoustic waves (the details are
discussed latter). It is important to note that the shape of the particles plays an important role in the ARF calculation
as the acoustic scattering from a non-spherical particle would be entirely diﬀerent and complicated. Therefore, we
have been insisting here to use the term microsphere for the particles. The shape-dependence of the ARF estimation
leads to the possibility for separation of micro-objects based on their shapes (could be a subject/topic for future study).
The ARF acting on a microsphere is unique to the material properties (i.e. acoustic impedance - a product of density
and speed of sound). The present study is focused around PS microspheres, however, various particle materials show
diﬀerent behavior when exposed to propagating acoustic waves.
In this work, we present an eﬃcient microparticle manipulation technique based on microchannel anechoic corner
induced via TSAWs. The TSAWs originating from an interdigitated transducer (IDT) are radiated at an angle into the
ﬂuid in the form of leaky acoustic waves (see Fig. 1a). The inclined propagation of leaky acoustic waves create an
anechoic corner inside the microchannel where the net ARF-eﬀect is minimal and the particles present in this region
are not inﬂuenced by the acoustic ﬁeld. The ARF acting on the PS microspheres (diameters 1 - 7 μm) by the TSAWs
(135 and 175 MHz) is theoretically calculated and plotted in Fig. 1b. The presence of an anechoic corner and accurate
knowledge of the ARF lays the foundation for tri-separation of the PS microspheres. The acoustoﬂuidic device,
composed of a pair of slanted interdigitated transducers (SIDTs) and a polydimethylsiloxane (PDMS) microchannel,
is used to manipulate particles of diﬀerent diameters (see Fig. 2).
2. Working mechanism
The working of the TSAW-based acoustoﬂuidic particle manipulation device is based on the formation of the
anechoic corner and the knowledge of the accurate combination of waves’ frequencies, particle diameters and the
corresponding ARFs. In the following subsections, we have brieﬂy explored these aspects of the device.
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Fig. 2. (a) The schematic diagram showing top view of the acoustoﬂuidic device with two SIDTs and a microchannel in the center. (b) The particles
mixture, pumped through the microchannel, is hydro-dynamically focused (Section I). A TSAW (with frequency f1) deﬂect the larger particles
(green) into the opposite corner of the microchannel (Section II). Another TSAW (with frequency f2 > f1) deﬂect the medium size particles (blue)
away from the larger particles while leaving behind the smaller size particles (red) in the middle (Section III). The tri-separation of the particles is
achieved (Section IV). (c) A particle pushed into the corner region of the microchannel by the TSAW ( f1) upstream of the microchannel, can not
be deﬂected back by the TSAW ( f2) downstream of the microchannel. (d) If the power of TSAW ( f1) is modulated such that the particle does not
reach into the corner region, the TSAW ( f2) can deﬂect it back. (e) The tri-separation of 3, 4.2 and 5 μm PS particles is achieved as predicted in
(b). (f) A bi-separation of red 3.2 μm and green 4.8 μm PS particles is demonstrated similar to (c). The PS green 4.8 μm particles are deﬂected
back because of their location outside of the anechoic corner.
2.1. Corner eﬀect
The leaky acoustic wave radiates at Rayleigh angle inside the ﬂuid. The angle is calculated using Snell’s law
(sin−1(λ f /λs) ≈ 22◦), as the incident angle is 90◦ and λs is the sound wavelength on the surface of the piezoelectric
(Lithium Niobate, LiNbO3) substrate. The simulation of the acoustic wave propagation conﬁrms the existence of
Rayleigh angle that results in a corner region with minimal acoustic ﬁeld (see Fig. 1a). The acoustic wave propagates
at 22◦ with the side wall till it reaches the ceiling of the microchannel (cross section: 40 μm × 200 μm), and then it
travels along the ceiling towards the opposite wall (?). It took approximately 150 ns for a 100 MHz acoustic wave
to travel across the width of the microchannel (200 μm). A particle with suﬃciently larger diameter (that satisfy
condition πdp > λ f ) is pushed along the path of acoustic wave into the opposite corner of the microchannel. If an
acoustic wave is radiated in the counter-direction, the wave will not aﬀect the particle present in the corner region.
This phenomenon is termed ’corner eﬀect’ here and is readily used to realize tri-separation of particles (Destgeer et
al., 2015).
2.2. Acoustic radiation force
The ARF is a function of particle shape and diameter, TSAW-frequency, densities and sound speeds (of particle
and ﬂuid). The ARF is estimated for the elastic PS particles for 135 and 175 MHz frequencies using the expression
reported by Destgeer et al. (2015) (see Fig. 1b). The elastic particles oscillate themselves when exposed to the acoustic
waves, and certain resonance modes are formed that corresponds to the peaks in Fig. 1b. A particular diameter particle
(say 5 μm), exposed to a reasonable frequency (135 MHz) acoustic wave, experiences maximum ARF. At 135 MHz,
smaller (3 and 4.2 μm) particles are not aﬀected. A higher frequency (175 MHz) is found suitable to actuate 4.2 μm
or larger particles but does not inﬂuence 3 μm particles (as it does not satisfy condition πdp > λ f ). Figure 1b provides
the fundamental information to tune the frequency with reference to the particle diameter.
3. Device design and experimental setup
The comb-shaped metallic (Cr/Au: 300 Å/1000 Å) electrodes of SIDTs are deposited on top of LiNbO3 substrate
(MTI Korea) using e-beam evaporation process (IAMD, SNU, Korea). The top and bottom SIDTs in Fig. 2a have
ﬁnger widths of 30-25 μm (left-right) and 25-20 μm (left-right), respectively. An additional SiO2 layer (2000 Å,
PECVD) is deposited to protect the SIDTs and substrate surface from mechanical damage and enhance PDMS bond-
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ing. The PDMS microchannel, fabricated through conventional soft-lithography process, is permanently attached to
the substrate using O2 plasma bonding (Femto Science, Korea).
A high frequency (135 and 175 MHz) AC signal is generated by an RF signal generator (Agilent, N5181A) where
both frequencies share equal ON/OFF times periodically. The signal is passed through a power ampliﬁer (Mini
Circuits, LZY-22+) before reaching to the microchip. The microchip is mounted on the stage of a ﬂuorescent mi-
croscope (Olympus, BX53) equipped with a camera to capture (Olympus, DP26) the results. A micro-syringe-pump
(neMESYS, Cetoni GmbH) is used to pump sample and sheath ﬂuids through three separate inlet ports of the mi-
crochannel.
4. Results and conclusions
The separation of three diﬀerent size particles is achieved using counter propagating TSAWs (135 and 175 MHz)
originating from parallel placed SIDTs (see Fig. 2a) in an acoustoﬂuidic device similar to Skowronek et al. (2015).
For tri-separation of the microspheres, the particle-mixture is ﬂown past the separation zone while being sandwiched
by two sheath ﬂuids (see Fig. 2b). A TSAW ( f1) originating from SIDT-1 deﬂects the larger (green) particles from
their streamlines into the opposite corner of the microchannel, whereas another TSAW ( f2) emanating from SIDT-2
deﬂect the medium size particles (blue) in the opposite direction. The TSAW ( f2) does not aﬀect the larger particles
(green) as they are present in the anechoic corner and nor does it deﬂect the smaller (red) particles as they are too
small to be inﬂuenced by the TSAW with this particular frequency. The TSAW ( f1) with suﬃcient larger input power
can push the larger (green) particles into the anechoic corner (Fig. 2c), however a smaller input power would deﬂect
the particle to a lower extent such that it does not enter the anechoic corner (Fig. 2d). The TSAW ( f2) would push the
particle (green) back if it is not present in the anechoic corner. The separation of 3, 4.2 and 5 μm diameter PS particles
is demonstrated in Fig. 2e based on the principle shown in Fig. 2b. For better visualization of the phenomenon,
ﬂuorescent PS particles (red 3.2 μm, green 4.8 μm) are used with the same device. Figure 2f shows that 135 MHz
TSAWs push the 4.8 μm particles into the anechoic corner and the 175 MHz TSAW are not able to deﬂect them back
(similar to Fig. 2c). The smaller 3.2 μm particles are little aﬀected by both of the TSAWs (135 and 175 MHz). It is
further observed in Fig. 2g that the 4.8 μm particles are deﬂected back (similar to Fig. 2d).
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